The main aquifer of the Llobregat delta (Barcelona, Spain) has been affected by seawater intrusion since the 1960s. The Catalan Water Agency (ACA) has sponsored the construction of a positive hydraulic barrier in order to stop the progress of seawater intrusion advance due to the intensive aquifer development. The hydraulic barrier consists of 15 wells into which highly treated reclaimed water from the waste water treatment plant of the Baix Llobregat is injected. Water is subjected, prior to the distribution to the injection wells, to secondary and tertiary treatments, and later to ultrafiltration, UV disinfection without chlorination, and salinity reduction through reverse osmosis. 
GENERAL FRAME AND APPROACH The aquifers of the lower valley and delta of the Llobregat
The geology of the Llobregat delta is well known as many studies were carried out by the Water Administration in the 1960s that were followed by several others (Marqués ; Manzano ; Simó et al. ; Gámez ) . The Llobregat delta is formed by a silt and clay wedge deposited under an estuarine environment that separates two sand and gravel aquifers: an upper one, 15 m thick, of Holocene age; and a deeper aquifer, 10 to 20 m thick, of late Pleistocene age, which is the main and most important aquifer (Figure 1 ). This deep aquifer is confined and very transmissive (1,000 to 5,000 m 2 /day). Abstracted water is primarily used for urban and industrial supply. It is a strategic water resource for supplying Barcelona and its metropolitan area in droughts and emergency situations (Niñerola et al. ) .
Seawater intrusion
Seawater intrusion processes have been observed in the main delta aquifer since the 1960s (Iribar & Custodio ) . The intensive exploitation of groundwater resources, along with the excavation of part of the confining layer in the eastern coastal corner, has led to the progressive deterioration of groundwater quality (Custodio , , ; Iríbar ; Iríbar et al. ; Abarca et al. ) . Two main seawater intrusion fronts exist, one in the central coastal area and the other in the easternmost part (Figure 2 
THE LLOBREGAT HYDRAULIC INJECTION BARRIER Project configuration and objectives
The Catalan Water Agency (ACA), along with the Groundwater Users' Community, the Metropolitan Agency for Hydraulic Services and Waste Treatment (EMSHTR) and Agbar (the main company supplying water) are carrying out various artificial recharge activities to mitigate water scarcity in the area and trying to recover the good status of the groundwater bodies, as is required by the European Water Framework Directive (Niñerola et al. ) .
The most important project to improve the quality of the aquifer is the construction of the injection hydraulic barrier using reclaimed water (Ortuño et al. ) . The main objective is to halt the advance of seawater intrusion. The barrier was implemented in two phases ( 
Injection water and quality control
The injection water is reclaimed water from the Baix Llobregat waste water treatment plant (WWTP). Water is subjected to secondary treatment with nitrification and denitrification processes, followed by tertiary treatment. It consists of ballasted coagulation-flocculation, lamellar decantation, filtration and disinfection. Tertiary treated water is used for environmental uses (Cazurra ) and to feed the treatment plant for use in the hydraulic barrier. At the hydraulic barrier plant, prior to the distribution to the injection wells, water is subjected to ultrafiltration (UF), reverse osmosis (RO) and UV disinfection processes (Figure 4 ). Maximum production of water for injection is 15,000 m 3 /day. Water is not chlorinated before injection due to the potentially harmful effects and the possible appearance of trihalomethanes in the aquifer. Ultrafiltration is performed to guarantee constant The main aquifer is formed by the thin layer below the Q4 silts and the Q3 upper gravels.
stability of microbiological quality (Gómez et al. ) , to prevent physical clogging in the injection wells, and to extend the functional life of RO membranes. Reverse osmosis is necessary to reduce salinity, as the tertiary treatment water usually contains more than 600 mg/L Cl -. High salinity concentrations are due to upstream saline water discharges into the Llobregat river basin, especially from current and past potash mine activity. Groundwater chloride content unaffected by seawater intrusion is about 350 mg/L, which is the target value. RO is performed to 35-50% of the ultrafiltered water, and the percentage is optimized to achieve the target value of chloride content in the injected water. The concentrate from the RO is disposed into the sea through submarine outfall from the WWTP.
The quality requirements for aquifer recharge in Spain are issued by the Decree 1620/2007. Accordingly, electrical conductivity, pH, temperature, ammonia and turbidity of the injected water are obtained continuously and automatically recorded. Also, biological and chemical parameters (nematodes, Escherichia coli, P, N, Cl, NO 3 , NH 4 and TOC) are monitored weekly or every 2 weeks. Major elements, metals, and volatile organohalogenated compounds are analyzed on a bimonthly basis. In addition, a complete analysis of all the Drinking Water Quality Regulation parameters is performed once a year, required by the Sanitation Authority.
Injection 
Injection wells
Fifteen injection wells located 1 km inland following a parallel line of approximately 6 km ( Figure 3 ) were drilled and completed for the hydraulic barrier (4 in phase I and 11 in phase II). Wells are 70 m deep and penetrate the complete thickness of the main confined aquifer along the barrier. They are equipped on the surface with flowmeters, automated electrovalves to maintain constant flow, and downhole sensors of water level, temperature and electrical conductivity. The injected volume, electrical conductivity, water temperature and well hydraulic head are recorded every hour. Wells are controlled remotely from the barrier's water treatment plant building. The hydraulic barrier is operated to maintain the aquifer dynamic head in wells from 1 to 3 m above sea level (asl). Each well has its own injection flow rate that depends on local aquifer characteristics and the static aquifer head. As current groundwater heads are high in the main aquifer, the operation objectives can be met with a percentage of the total injection volume.
Preventive maintenance has been installed to avoid clogging of the well screen and surroundings. This is done through backflushing with submersible electropumps in 12 wells and compressed-air pumping devices in three wells. Maintenance is carried out periodically in a brief period of time in which water discharge is three times the volume of the injection. No decrease of well efficiencies (flow/head increase) has been detected so far. This is attributed to the high quality of the injected water, as well as to the strict cleaning program.
Aquifer monitoring network
The complete aquifer monitoring network consists of existing wells and piezometers, as well as 17 new boreholes constructed in the framework of the barrier project.
During the first phase, eight monitoring points were available, covering 3 km 2 ( Figure 5 
AQUIFER IMPROVEMENT AND BARRIER EFFICIENCY
The analytical results and field monitoring data of the aquifer during phase I of the project show highly positive results (Ortuño et al. ) . Since 2007, in the eight monitoring points there has been a progressive decrease of chlorides, sodium, calcium, magnesium, iron and ammonium contents ( Figure 6 ). A slight nitrate increase has been observed, due to its presence in the injected water. Bicarbonate content is constant. The area influenced by recharged water ranges from 1 to 2 km around the injection wells, and it is irregular. This is because groundwater flow from the seaside is halted or has been greatly reduced, while recharged water readily moves inland toward the pumped areas. The barrier has a clear oxidizing effect on the otherwise highly reducing aquifer ambient. So far, a clear redox perturbation is only observed in one of the piezometers located at a distance of 4 m of the injection well. The other boreholes in the local monitoring network, located in a range of 200 m from the injection points, show what seem to be the previous reducing conditions.
INVESTMENT AND EXPLOITATION COSTS OF THE BARRIER
The total investment for the construction of the Llobregat hydraulic barrier amounts to €23 million, including the treatment plant which produces 15,000 m 3 /day of reclaimed water, more than 7 km of conduction pipes, 15 injection wells (drilling and equipment), and 17 new piezometers with remote-control data systems. The investment has been made by the ACA, the Spanish Ministry of the Environment and Rural and Marine Affairs, and the European Commission.
Total operation costs, fixed and variable, range from 0.14 to 0.18 €/m 3 , depending on the total injection flow. 
CONCLUSIONS AND DISCUSSION
A positive hydraulic barrier injecting highly treated reclaimed water into the aquifer has been constructed in order to stop the advance of the seawater intrusion in the main Llobregat delta aquifer, near Barcelona (Spain). It works by injecting water into 15 wells located in the saline water fronts, following a parallel line along the coast. Injection produces the rise of the groundwater head to halt seawater penetration inland. The first phase of the project has been functioning for three years with four injection wells and eight observation points, showing highly positive results. Aquifer recharge operations that utilize reclaimed water normally experience some degree of well clogging (Pavelic et al. ) , defined as a decrease in the injection capacity due to mechanical, chemical, and biological processes. Well clogging has not been observed, and this is attributed to two factors: (1) the high water injection quality, and (2) the strict well cleaning program. Water quality affects clogging rates (Pérez-Paricio & Figure 6 | Groundwater chloride evolution in the monitoring points in the phase I of the hydraulic barrier. Analytical results and field monitoring data also show a decrease in the content of sodium, calcium, magnesium, iron and ammonium content in the aquifer, and a slight nitrate increase due to its presence in the injected water.
Carrera ; Pavelic et al. ) , and the very low levels of turbidity in the injection water (<0.1 NTU), after ultrafiltration and reverse osmosis processes, have certainly helped to prevent or delay the clogging. Related to the cleaning program, the wells have been operated intermittently to prevent physical clogging caused by the accumulation of particles on the well bore (Beek et al. ) . This has been done through backflushing, stopping the injection every two weeks for a short period of time (usually 15 minutes) with the objective of removing the particles accumulated during the preceding abstraction period. It seems that, in our case, this program works well.
Substantial improvement of groundwater quality has been observed in eight wells located in a radius of less than 1 km around the four injection points in phase I. Before injection, average chloride content of the 8 wells was 2,634 mg/L in March 2007, decreasing to 1,018 mg/L in 3 years of operation. Industrial wells of three local companies have reduced chloride content of groundwater from 2,575 to 634 mg/L, from 1,269 to 705 mg/L, and from 6,565 to 679 mg/L, respectively. A progressive decrease of sodium, calcium, magnesium, iron and ammonium content has also been observed in the monitoring points, and a slight nitrate increase. Nitrate is not present in the aquifer and the injection water has an average value of 9.4 mg/L NO 3 À . However, the nitrogen cycle and nitrogen transformations in costal aquifers and freshwater-saltwater mixing zones are complex (Santoro ). Total operation costs of the hydraulic barrier have been calculated after three years of operation, and range from 0.14 to 0.18 €/m 3 , depending on total injection flow. The injection rate depends on the regional hydraulic head of the aquifer. Generally, groundwater levels are below sea level in the Llobregat delta aquifer. If the groundwater regional heads are high (i.e. from À5 to 0 m asl), the operation objectives can be met with only a fraction of the total injection volume, and the total cost of operation is less. On the contrary, if the aquifer groundwater heads are very low, it may be necessary to inject all the water production. The operation cost per unit of the hydraulic barrier exploitation by injecting water into the aquifer with an excellent quality and which will afterwards be recovered in a large proportion by the delta supply wells, is lower than that of seawater desalination. It also prevents the further deterioration of the quality of the groundwater. Phase II of the hydraulic barrier was in operation from April 2010 to July 2011. Several years of operation will be needed, coupled with other actions of aquifer artificial recharge, to fully reduce the salinity of the Llobregat aquifer (Abarca et al. ) . However, the results of phase I show that the concept and technology of the hydraulic barrier are capable of halting or retarding the advance of the saline water fronts in the main Llobregat delta aquifer.
